Regulator of chromosome condensation (RCC1) binding to chromatin is highly dynamic, as determined by fluorescence recovery after photobleaching analysis of GFP-RCC1 in stably transfected tsBN2 cells. Microinjection of wild-type or Q69L Ran markedly slowed the mobility of GFP-RCC1, whereas T24N Ran (defective in nucleotide loading) decreased it further still. We found significant alterations in the mobility of intranuclear GFP-RCC1 after treatment with agents that disrupt different Ran-dependent nuclear export pathways. Leptomycin B, which inhibits Crm1/RanGTP-dependent nuclear export, significantly increased the mobility of RCC1 as did high levels of actinomycin D (to inhibit RNA polymerases I, II, and III) or ␣-amanitin (to inhibit RNA polymerases II and III) as well as energy depletion. Inhibition of just mRNA transcription, however, had no affect on GFP-RCC1 mobility consistent with mRNA export being a Ran-independent process. In permeabilized cells, cytosol and GTP were required for the efficient release of GFP-RCC1 from chromatin. Recombinant Ran would not substitute for cytosol, and high levels of supplemental Ran inhibited the cytosol-stimulated release. Thus, RCC1 release from chromatin in vitro requires a factor(s) distinct from, or in addition to, Ran and seems linked in vivo to the availability of Ran-dependent transport cargo.
INTRODUCTION
Regulator of chromosome condensation (RCC1) stimulates guanine nucleotide exchange by the small GTPase Ran (Bischoff and Ponstingl, 1991a) . Inside the cell, RCC1 is essential for the efficient conversion of RanGDP to RanGTP. RanGTP in turn is essential for several key cellular processes, including nucleocytoplasmic transport, regulation of spindle formation and nuclear envelope reassembly at mitosis, and prevention of rereplication of DNA during S phase (Dasso, 2002; Yamaguchi and Newport, 2003) .
The local concentration of RanGTP is a positional cue used by nuclear import and export complexes to distinguish between the cytoplasm and nuclear interior, and this regulates the assembly and disassembly of these transport complexes in the correct compartment. RanGTP is kept high inside the nucleus by localization of RCC1 to chromatin in the nuclear interior, and low inside the cytoplasm by the RanGAP (GTPase activating protein) that is restricted to that compartment. The differential placement of these two Ran accessory factors forms a gradient of RanGTP across the nuclear pore complex essential for most nuclear transport during interphase . All nuclear carriers of the karyopherin-␤ (Kap-␤) (importin ␤) family bind RanGTP Gorlich and Kutay, 1999) . Binding of RanGTP is required for Kap-␤ export carriers to simultaneously bind their cargo inside the nucleus. These export complexes disassemble after encounter with the RanGAP (and a cofactor RanBP1) in the cytoplasm and the subsequent conversion of complexed RanGTP to RanGDP. Conversely, import complexes consisting of the carrier with bound cargo assemble only in the absence of RanGTP (the cytoplasm) and disassemble upon encountering RanGTP inside the nucleus. In addition, production of RanGTP at the surface of mitotic chromatin by chromatin-bound RCC1 is critical for proper placement of the mitotic spindle and reassembly of the nuclear envelope around chromatin at the end of mitosis (Carazo-Salas et al., 1999; Kalab et al., 1999; Ohba et al., 1999; Hetzer et al., 2000; Clarke, 2000, 2001; Clarke and Zhang, 2001; Wilde et al., 2001; Dasso, 2002; Hetzer et al., 2002) .
RanGTP is required for the nuclear transport of many, but not all, cargoes (Kuersten et al., 2001) . Import of basic nuclear localization signal-containing nuclear proteins requires the carrier Kap-␤ 1 (together with an adapter Kap-␣) and RanGTP. Proteins containing a leucine-rich nuclear export signal (NES) are exported from the nucleus by the export carrier Crm1, a member of the Kap-␤ family, and all Crm1-mediated export requires RanGTP (Fornerod et al., 1997; Fukuda et al., 1997; Askjaer et al., 1999) . In addition to shuttling proteins, Crm1 export cargo includes both large and small newly formed ribosomal subunits, which assemble in nucleoli and are exported separately to the cytoplasm (Johnson et al., 2002) . Leptomycin B (LMB) inhibits Crm1 binding to its cargo and thus specifically inhibits any Crm1-mediated export pathway, including the export of ribosomal subunits (Kudo et al., 1998 (Kudo et al., , 1999 . tRNAs are exported from the nucleus by one of two alternate Kap-␤ carriers, exportin-t or exportin-5, and both of these export pathways also are dependent on RanGTP (Kutay et al., 1998; Bohnsack et al., 2002; Calado et al., 2002) .
In contrast to these pathways of nuclear export, mRNA export does not seem to use a carrier of the Kap-␤ family or RanGTP (Clouse et al., 2001 ). The nuclear carriers Tap and p15/NTX1, of the NTF2 family of nuclear carriers, are involved in targeting mRNPs to the nuclear pore complex; however, these carriers do not bind Ran (Santos-Rosa et al., 1998; Fribourg et al., 2001) . This study examines the dynamic association of RCC1 with chromatin, how the kinetics of RCC1 binding and release from chromatin are affected by an excess of Ran and by ongoing Ran-dependent nuclear export pathways, and the requirements for RCC1 release from chromatin in vitro.
MATERIALS AND METHODS

Construction of GFP-RCC1 Fusion
Primers incorporating a 5Ј HindIII site and a 3Ј Bam H1 site were used to polymerase chain reaction amplify human RCC1 from a protein A-RCC1 fusion construct described previously (Talcott and Moore, 2000) . RCC1 was then ligated into the green fluorescent protein (GFP) expression vector pEGFP-N1 (BD Biosciences Clontech, Palo Alto, CA), by using the HindIII and BamHI sites. Ligation resulted in RCC1 fusion to the N terminus of enhanced green fluorescent protein. A second set of primers was used to confirm the correct sequence of the GFP-RCC1 construct.
GFP-RCC1 tsBN2 Cells
tsBN2 cells were routinely cultured at 33°C as described previously (Talcott and Moore, 2000) . Cells were transfected with GFP-RCC1, by using the FuGENE 6 transfection reagent (Roche Diagnostics, Indianapolis, IN). After transfection, the cells were incubated for 24 h at 33°C and then transferred to a 40°C incubator for an additional 24 h. Fresh media containing 0.5 mg/ml G418 (Invitrogen, Carlsbad, CA) was added at this time. GFP-RCC1 tsBN2 cells have been cultured throughout all subsequent passages in the presence of G418 and at 40°C.
Biochemical Analysis of GFP-RCC1 tsBN2 Cells
GFP-RCC1 tsBN2 (40°C) and tsBN2 cells (33°C) were grown to ϳ85% confluence. One flask of tsBN2 cells was shifted to 40°C for 15 h. All the cells were then trypsinized and counted. An equal number of cells from each flask were pelleted by centrifugation for 10 min at 1000 ϫ g, washed in phosphate-buffered saline (PBS), and lysed in 0.5 M Tris, pH 6.8, 6% SDS. Lysates were precipitated with 10% trichloroacetic acid, and the protein pellets were resuspended in SDS-PAGE sample buffer, subjected to SDS-PAGE, transferred to nitrocellulose, and immunoblotted with an RCC1 antibody (Schwoebel et al., 1998) .
For analysis of the salt extractability of GFP-RCC1, tsBN2 and GFP-RCC1 tsBN2 cells were trypsinized, washed, counted, and pelleted. An equal number of cells was resuspended in cold 20 mM HEPES, pH 7.3, 1 mM dithiothreitol (DTT), 0.1% Triton X-100 and incubated for 15 min on ice. After centrifugation, the permeabilized cell pellets were resuspended in 20 mM HEPES, pH 7.3, 1 mM DTT containing either 0, 0.2 M, 0.4 M, or 0.6 M NaCl and incubated on ice for 15 min. After centrifugation at 3000 ϫ g for 10 min, the supernatants and pellets were immunoblotted with an RCC1 antibody as described above.
Cell Treatments
For energy depletion studies, GFP-RCC1 tsBN2 cells were incubated in glucose-free DMEM (Invitrogen) containing penicillin (100 U/ml), streptomycin sulfate (100 g/ml), 10 mM HEPES, pH 7.3, and 10% fetal bovine serum [hereafter referred to as gluc (Ϫ) media] containing 10 mM sodium azide and 6 mM 2-deoxy-d-glucose (Schwoebel et al., 2002) . Cells were incubated 20 -30 min in energy depletion buffer before fluorescence recovery after photobleaching (FRAP) analysis. Transcription inhibitors and LMB were added to the GFP-RCC1 tsBN2 cells at the concentrations indicated in the figure legends and incubation was for 5 h at 40°C before FRAP analysis.
Microinjection
Human wild-type (wt), Q69L, and T24N His-Ran recombinant proteins were expressed and purified as described previously Carazo-Salas et al., 1999) . We assayed the recombinant wt Ran for its ability to support in vitro nuclear protein import (Schwoebel et al., 1998) , and it is fully active in that assay (our unpublished data). The proteins were dialyzed against injection buffer (20 mM HEPES, pH 7.3, 120 mM KOAc, 2 mM MgOAc, 1 mM DTT) and concentrated in a Centricon-10. GFP-RCC1 tsBN2 cells were injected with a mixture of Ran at 5 mg/ml (200 M) and Texas Red-labeled 70-kDa dextran (Molecular Probes, Eugene, OR) at 1 mg/ml in injection buffer. Before injection, protein mixtures were centrifuged at 14,000 ϫ g for 10 min at 4°C.
Live-Cell Analysis and FRAP
Before analysis, GFP-RCC1 tsBN2 cells growing on 40-mm glass coverslips were transferred to a live-cell chamber (Bioptechs, Butler, PA) with fresh media (20 ml, containing any treatment additions) recirculated via a peristaltic pump. The live cell chamber and objective lens were continuously monitored and maintained at 37°C. For the images shown in Figure 1 , cells were incubated in media containing 1 g/ml Hoechst 33258 for 15 min to label DNA in living cells. Imaging of live cells was performed on a Deltavision restoration microscopy system (Applied Precision, Issaquah, WA). The im- The top row shows an interphase cell, whereas the bottom row shows a cell in metaphase (C) RCC1 and GFP-RCC1 require the same salt concentration for elution from chromatin. Top gel, extraction of RCC1 from tsBN2 cells (grown at 33°C) with increasing concentrations of NaCl. Bottom gel, GFP-RCC1 is extracted from GFP-RCC1 cells (grown at 40°C) the same concentration of NaCl. After salt incubation, the samples were separated into supernatants (S) and pellets (P) and both were blotted with an anti-RCC1 antibody.
ages shown were deconvolved and the Z-series were compressed to create a single image. FRAP was performed as described previously (Stenoien et al., 2001 (Stenoien et al., , 2002 by using an LSM 510 confocal microscope (Carl Zeiss, Thornwood, NY). A single Z-section was imaged before and at 1-s intervals after the bleach. The photobleach was performed using the 488-nm laser line at maximum power for 75 iterations in the boxed regions. Images acquired before and after the bleach were obtained using 1% laser power and did not significantly bleach the sample. Images were exported as TIF files and final figures were generated using Adobe Photoshop, version 7 (Adobe Systems, Mountain View, CA).
Using the LSM510 software, the fluorescence recovery in a region of interest corresponding to the bleach area was determined for each bleached cell, and data were exported to Excel (Microsoft, Redmond, WA) for further analysis. Except in Figure 4B , intensity values were normalized using the following equation; I t ϭ (X t Ϫ Y)/(Z Ϫ Y), where I is the normalized intensity at time t, X is the intensity at time t, Y is the intensity immediately after the photobleach (where t is equal to zero), and Z is the intensity at the final time point. To generate fluorescence intensity graphs, the normalized intensity values were averaged and plotted versus time. To calculate t 1/2 values, the line equations for each individual recovery were created and the time at which I ϭ 0.5 was determined. Mean t 1/2 values for each condition were calculated Ϯ SEM. Differences in mean t 1/2 values were analyzed using Student's t tests. In Figure 4B , intensity values were determined using the equation I rel ϭ I t /I 0 , where I rel is the relative intensity at each time point normalized by dividing the actual fluorescence at each time point (I t ) by the initial starting fluorescence (I 0 ).
Immunofluorescence Microscopy
After the indicated treatments, GFP-RCC1 tsBN2 cells were rinsed in PBS, fixed in 3% paraformaldehyde in PBS for 15 min on ice, and permeabilized with 0.1% Triton X-100 for 20 min on ice. The cells were blocked in 5% serum (donkey or goat depending on the species of the second antibody) in PBS for 30 min at room temperature (RT). The first antibodies were diluted in the appropriate blocking solution, and incubated with the cells for 1 h at room temperature. After washing, the cells were incubated in labeled second antibody in blocking solution for 1 h at room temperature. After washing, the cells were fixed again in 3% paraformaldehyde for 10 min at room temperature followed by 2 ϫ 5-min incubations in 1 mg/ml Na borohydride in PBS. After rinsing in PBS, the cells were mounted in 90% glycerol/10% PBS containing 1 mg/ml phenylenediamine. The antibodies used were: mouse anti-Ran (Transduction Laboratories, Lexington, KY), rabbit anti-Crm1 (from M. Yoshida) (Kudo et al., 1997) , mouse anti-nucleophosmin/B23 (from P.K. Chan) (Yung et al., 1985) , and mouse (IgM) anti-SRm160 (from J. Nickerson) (Wan et al., 1994) . The labeled second antibodies were tetramethylrhodamine B isothiocyanate (TRITC)-labeled donkey anti-mouse or anti-rabbit (Jackson ImmunoResearch Laboratories, West Grove, PA) and Texas Red-labeled goat anti-mouse IgM (Southern Biotechnologies, Birmingham, AL).
In Vitro Assay for Measuring GFP-RCC1 Release from Chromatin
GFP-RCC1 tsBN2 were cultured at 40°C on 12-mm coverslips in 24-well plates to ϳ70% confluence. The cells were placed on ice, washed one time in cold buffer A (20 mM HEPES-KOH, pH 7.3, 110 mM K acetate, 2 mM Mg acetate, 1 mM EGTA, 1 mM DTT) and permeabilized for 5 min on ice in 0.1% Triton X-100 in buffer A. After rinsing in cold buffer A, the coverslips were blotted, and transferred cell side down to 20 l of incubation mixture. The incubation mixture contained 2 mg/ml bovine serum albumin in buffer A plus the additions listed in the figure legends. Xenopus ovarian cytosol was prepared as described previously and dialyzed against buffer A (Moore and Blobel, 1992) . After incubation for 20 min at room temperature, the coverslips were returned to the plate on ice, rinsed one time with cold buffer A, and fixed for 15 min on ice in 3% formaldehyde in buffer A. To amplify the rather faint GFP signal, and to minimize quenching of the signal during subsequent quantitation, the GFP-RCC1 was localized after fixation by indirect immunofluorescence microscopy with a rabbit anti-GFP first antibody (ab290) (Abcam) and a TRITC-labeled donkey anti-rabbit second antibody (Jackson ImmunoResearch Laboratories). To quantify the amount of GFP-RCC1 fluorescence bound to chromatin, the coverslips were observed on an Axiophot microscope (Carl Zeiss) equipped with a Princeton Micromax charge-couple device camera. Using MetaMorph software, a circle was drawn over a region of each nucleus and the fluorescence intensity within that circle determined. Between 30 and 90 nuclei were quantitated for each condition.
RESULTS
Most cellular RCC1 in vertebrate cells remains associated with chromatin throughout the cell cycle as indicated by biochemical fractionation (Ohtsubo et al., 1989) , indirect immunofluorescent localization of RCC1 (Guarguaglini et al., 2000; Moore et al., 2002) , and by the localization of GFP-RCC1 in living cells Trieselmann and Wilde, 2002; Li et al., 2003) . To analyze the association of RCC1 with mitotic and interphase chromatin in living cells under as physiological conditions as possible, we created a stable GFP-RCC1-expressing cell line from the tsBN2 hamster cell line that contains a point mutation in RCC1 (Ohtsubo et al., 1989) . When grown at the permissive temperature of 33°C, tsBN2 cells function normally. On shift to the nonpermissive temperature of 40°C; however, the mutant RCC1 is rapidly degraded rendering the cells temperature sensitive (ts) for growth ( Figure 1A ). We were able to rescue this ts growth defect by transfection with a GFP-RCC1 construct 24 h before the temperature shift. After continuous culture under drug selection at 40°C for approximately a month, we isolated a stably transfected tsBN2 cell line expressing GFP-RCC1.
GFP-RCC1 tsBN2 cells express GFP-RCC1 at levels only slightly above the amount of endogenous RCC1 normally contained by tsBN2 cells grown at the permissive temperature ( Figure 1A ). The behavior of GFP-RCC1 in this stable cell line faithfully mimics that of endogenous RCC1 in the following ways: 1) GFP-RCC1 rescued the ts growth defect of the tsBN2 cells, indicating this tagged form of RCC1 is functional; 2) the cellular localization of GFP-RCC1 at interphase and mitosis is identical to that reported for wt RCC1 ( Figure 1B) ; and 3) the salt extractability of GFP-RCC1 from tsBN2 chromatin is identical to that of endogenous RCC1 ( Figure 1C ) (Ohtsubo et al., 1989) . Thus, by these criteria, GFP-RCC1 tsBN2 cells provide a unique system for accurately probing the intracellular dynamics of RCC1 in living cells.
The association of GFP-RCC1 with chromatin in living tsBN2 cells was examined using FRAP. When a region of the interphase nucleus was photobleached, GFP-RCC1 fluorescence recovered within 1 min, indicating that RCC1's association with chromatin is highly dynamic ( Figure 2B ). When the average relative fluorescence (n ϭ 15 cells) is plotted versus time, the recovery curve is best fitted to a single exponential suggesting that the entire GFP-RCC1 population recovers at the same rate. The recovery half-life (t 1/2 ) of GFP-RCC1 was calculated to be 10.2 Ϯ 0.3 s ( Figure 2C ). This recovery is much more rapid than proteins such as histones (t 1/2 values of minutes for histone H1 to hours for the core histones) that are integrated into chromatin (Lever et al., 2000; Misteli et al., 2000; Kimura and Cook, 2001 ), but slower than proteins such as transcription factors that make more transient interactions with chromatin (Stenoien et al., 2001) . To determine whether the mobility of GFP-RCC1 changes during the cell cycle, we photobleached GFP-RCC1 on metaphase chromatin (Figure 2 ). The photobleached regions in mitotic cells recovered their fluorescence approximately twice as fast as those on interphase chromatin with a t 1/2 of 5.3 Ϯ 0.6 s ( Figure 2C ).
One way that RCC1 binds chromatin is via an interaction with histones H2A and H2B, and binding of these histones stimulates a modest increase in RCC1's GEF activity toward Ran (Nemergut et al., 2001) . GFP-labeled core histones, however, exchange on and off chromatin with a t 1/2 of hours rather than the seconds observed here for GFP-RCC1 (Kimura and Cook, 2001 ). The linker histone H1 has a much faster nuclear mobility than the core histones (albeit with a mobility still markedly slower than GFP-RCC1) (Lever et al., 2000; Misteli et al., 2000) , but there is no evidence that RCC1 interacts with histone H1. In addition, the nuclear mobility of GFP-histone H1 is markedly decreased upon energy depletion of the cells due to an inhibition of histone H1 phosphorylation (Dou et al., 2002) .
To determine whether the observed movement of GFP-RCC1 on and off chromatin is affected by energy levels, cells were energy depleted by incubating them in glucose-free media containing sodium azide and 2-deoxyglucose for 20 -30 min before photobleaching (Schwoebel et al., 2002) . Instead of slowing down GFP-RCC1 movement, energy depletion increased the rate of fluorescence recovery after photobleaching approximately twofold compared with untreated cells (t 1/2 value of 5.4 Ϯ 0.3 s; Figure 2C ). The nuclear distribution of GFP-RCC1 in interphase cells also changed significantly upon energy depletion. Figure 3 shows the distribution of GFP-RCC1 in the same living cell before and after incubation in energy depletion media for 20 min. On energy depletion, GFP-RCC1 became less finely dispersed inside the nucleus and much more clumped over nuclear regions that also stained the most intensely with Hoechst DNA stain. The apparent clumping may be due to changes in the chromatin distribution rather than a direct effect on RCC1. Note that these "clumps" of GFP-RCC1 seen after energy depletion cannot be stationary aggregates because the t 1/2 for recovery after photobleaching is faster after energy depletion rather than slower as it would be if the clumped GFP-RCC1 were immobile (Figure 2) .
The main cellular function of RCC1 is to stimulate nucleotide exchange by Ran to produce RanGTP from RanGDP. To investigate whether the observed movement of RCC1 on and off chromatin is affected by RCC1's interaction with Ran, we microinjected wt and mutant Rans (all in the GDP-bound form) into the cytoplasm of GFP-RCC1 tsBN2 cells. To mark the injected cells, we coinjected Texas Red-labeled 70-kDa dextran with each unlabeled Ran so that the microinjected cells could later be identified and selected for FRAP analysis. Wt Ran was compared with two mutant Rans, Q69L that is unable to hydrolyze GTP, and T24N that is defective in nucleotide uptake (Klebe et al., 1995) . We estimate that the resulting intracellular concentration of microinjected Ran was ϳ20 M, which is approximately a 10-fold excess over the endogenous Ran in tissue culture cells (ϳ2 M) (Bischoff and Ponstingl, 1991b) . RCC1 is normally much less abundant than Ran (ϳ200 nM) (Bischoff and Ponstingl, 1991b) , although the level of GFP-RCC1 in GFP-RCC1 tsBN2 cells seems somewhat higher than this ( Figure 1) . As a control, cells were also microinjected with the labeled dextran marker in injection buffer without Ran.
The injections of marker alone did not significantly alter the recovery rate of GFP-RCC1 fluorescence on photobleached interphase chromatin (Figure 4) . Microinjection of wt Ran significantly slowed recovery (t 1/2 of 11.2 Ϯ 0.9 s) compared with uninjected cells (t 1/2 of 8.7 Ϯ 0.4 s) and buffer injected cells (t 1/2 of 7.6 Ϯ 0.6 s). The hydrolysis-defective mutant Q69L gave a mean recovery time slower than wt (t 1/2 ϭ 13.9 Ϯ 1.1 s); however, this wasn't a statistically significant difference from wt Ran (p ϭ 0.076). Strikingly, microinjection of T24N Ran dramatically decreased the recovery rate to t 1/2 value of 18.0 Ϯ 1.0 s. This reduced mobility was significantly different from that seen in cells receiving wt Ran or control cells. Thus, in contrast to energy depletion that resulted in a faster rate of recovery of GFP-RCC1 fluorescence on photobleached interphase chromatin (Figure 2) , increasing the intracellular concentration of wt Ran and Q69L Ran slowed the rate of recovery. This reduction in mobility was even more pronounced with T24N Ran (Figure 4 , B and C). These results indicate that the transient associations of RCC1 with Ran that occur rapidly and repetitively in a living cell are capable of modulating the association of RCC1 with chromatin.
We questioned whether disrupting nuclear transport pathways that use RanGTP would alter the kinetics of RCC1 association with chromatin, possibly by altering the concentration of Ran accessible to RCC1. First, we tested the effects of LMB, which inhibits Crm1-mediated (Ran-dependent) nuclear export. We found that LMB treatment did increase the rate of fluorescence recovery after photobleaching of GFP-RCC1 approximately twofold (t 1/2 of 5.48 Ϯ 0.74 s) compared with untreated cells (t 1/2 of 10.13 Ϯ 1.28 s) ( Figure  5A) .
We next tested different RNA transcription inhibitors for their effects on GFP-RCC1 mobility (Bregman et al., 1995; Kamath et al., 2001) . Newly synthesized ribosomal subunits and tRNAs both need Ran for export, however mRNA does not (Cullen, 2003) . Three RNA polymerases carry out RNA transcription within the nucleus: pol I transcribes 5.8S, 18S, and 28S rRNA; pol II transcribes mRNA plus snoRNA and some snRNA; and pol III transcribes tRNA, 5SRNA, and some snRNA and other small RNAs. At a high concentration, actinomycin D inhibits all three polymerases but, at a lower concentration, selectively inhibits RNA pol I (Perry and Kelley, 1970) . At a low concentration, ␣-amanitin inhibits RNA pol II and, at a higher concentration, also RNA pol III (Weinmann and Roeder, 1974) .
Pretreatment with high actinomycin D or high ␣-amanitin (like LMB) significantly decreased the time required for recovery after photobleaching of GFP-RCC1 ( Figure 5 ). Even though the mean recovery time was somewhat reduced after treatment with low actinomycin D (t 1/2 of 8.01 Ϯ 0.53 compared with 10.13 Ϯ 1.28 s), the p value indicated this was not a significant difference (p ϭ 0.136) ( Figure 5A ). Pretreatment of the cells with a low concentration of ␣-amanitin, which inhibits only mRNA transcription, had no effect on GFP-RCC1 mobility. After treatment with LMB or the transcription inhibitors, a visual inspection of the cells indicated that the nuclear distribution of GFP-RCC1 did not noticeably change relative to its distribution in untreated cells (our unpublished data). Only after energy depletion (Figures 2A  and 3) was there a noticeable change in GFP-RCC1 localization after any of these treatments or microinjections.
Inhibition of all three classes of RNA polymerases with high actinomycin D had an additional effect on GFP-RCC1 mobility that was not seen with any other treatment or microinjected agent. In every treatment discussed thus far, the kinetics of recovery was indicative of a single population of GFP-RCC1, and the extent of recovery was the same after all treatments even though the rate of this recovery changed. With high actinomycin D treatment, however, the final extent of recovery was reduced, indicating a second, more immobile fraction ( Figure 5B ). To demonstrate this graphically, intensities were normalized by dividing the actual intensity at each time point by the initial starting intensity.
This normalization method clearly shows that the final fluorescence recovery levels for cells treated with high actinomycin D are lower, indicating a more immobile fraction is present. The nature of this immobile fraction of GFP-RCC1 after actinomycin D treatment is unknown.
To ensure that these treatments were having their expected effects on cells and to observe the effects of these different treatments on the distribution of Ran and the nuclear export carrier Crm1, we fixed cells after treatment and performed indirect immunofluorescence microscopy with antibodies to Ran, Crm1, SRm160, or B23/nucleophosmin. SRm160 is a pre-mRNA splicing factor (Blencowe et al., 1998) . Like the majority of mRNA splicing factors, SRm160 is not localized at sites of transcription but is instead enriched in nuclear domains called speckles (Wan et al., 1994; Misteli, 2000) . When cells are treated with RNA pol II inhibitors, splicing activity is reduced and the speckles become fewer in number, enlarged, and rounded (Misteli et al., 1997) . In GFP-RCC1 tsBN2 cells, the SRm160 containing nuclear speckles underwent these visual changes after treatment with either high actinomycin D or both concentrations of ␣-amanitin, indicating that these treatments were in fact inhibiting RNA transcription by pol II (Figure 6 , third column). Interestingly, energy depletion resulted in a disappearance of SRm160-staining speckles from many nuclei; the reason for this is unknown.
The nucleolar protein B23/nucleophosmin is well characterized with respect to its translocation in and out of nucleoli in response to changes in nucleolar and nuclear metabolism (Chan et al., , 1996 Yung et al., 1985) . For this reason, we used the localization of B23/nucleophosmin to monitor nucleolar changes resulting from the different treatments (Figure 6) . Energy depletion and LMB had no effect on the nucleolar localization of B23/nucleophosmin; however, all of the RNA transcription inhibitors changed the distribution of this protein. After treatment with low actinomycin D to inhibit only RNA pol I, B23/nucleophosmin was found in a ring around the nucleolus, rather than throughout the nucleolus as in the untreated cells. This is a characteristic Figure 3 . GFP-RCC1 becomes highly clumped inside the nucleus upon energy depletion. Cells expressing GFP-RCC1 and growing in normal media were assembled in a Bioptechs live-cell chamber with normal media and allowed to equilibrate in a 37°C incubator. After 20 min, the chamber was transferred to a DeltaVision microscopy work station and images were acquired. The media were changed to gluc (Ϫ) media, and the same cell was imaged again after 20 min. Finally, the media were changed to gluc (Ϫ) media containing sodium azide and deoxyglucose and the same cell was imaged after 20 min in this ATP depletion media. To show the DNA staining in live, unfixed cells, cells were incubated in 1 g/l Hoechst 33258 for 20 min before image acquisition. Shown in the figure are single, deconvolved z-sections.
The Dynamic Association of RCC1 with Chromatin Vol. 15, January 2004localization pattern of B23/nucleophosmin when rRNA synthesis by RNA pol I is blocked (Smetana et al., 2001) . B23/ nucleophosmin localization in nucleoli is also dependent on pol II transcription. When pol II is inhibited, B23/nucleophosmin is found throughout the nucleoplasm instead of being highly enriched in nucleoli (Desnoyers et al., 1996) . This dispersement of B23/nucleophosmin within the nucleoplasm was observed after treatment with high actinomycin D and after treatment with both high and low concentrations of ␣-amanitin. Thus, these observed changes in the localization of B23/nucleophosmin and SRm160 confirmed that pol I transcription was being inhibited by low actinomycin D treatment and that pol II transcription was being inhibited by treatment with both high actinomycin D and both concentrations of ␣-amanitin.
The distribution of the nuclear export carrier Crm1 was unaffected by any of the transcription inhibitors or by energy depletion but was altered (not surprisingly) by LMB treatment ( Figure 6 ). The bright nuclear rim staining of Crm1, still present after all the other treatments, was absent after LMB treatment. The cellular distribution of Ran on the other hand, was unaltered by the transcription inhibitors and LMB treatment but was changed upon energy depletion. Many energy-depleted cells showed a marked increase in the cytoplasmic pool of Ran with a corresponding decrease in the nuclear pool, and this altered Ran distribution has been observed before under conditions that block the production of RanGTP (Ren et al., 1993; Matynia et al., 1996) . Notably, after energy depletion Ran did not seem to be enriched in any nuclear spots that would correspond to the "clumps" of nuclear GFP-RCC1 present in these energy-depleted cells. This may indicate GFP-RCC1 has a faster mobility in energydepleted cells because it is less likely to be associated with Ran (see DISCUSSION).
We also checked the ability of GFP-RCC1 tsBN2 cells after the various treatments to carry out Crm1-mediated nuclear export (our unpublished data). We microinjected the reporter TRITC-NES-BSA (a conjugate prepared with peptides containing the Rev leucine-rich NES) into the nuclei of untreated or treated cells (Schwoebel et al., 2002) . After 30 min, untreated cells had exported most of this reporter to the cytoplasm. As expected, energy depletion and LMB treatment inhibited the export of this conjugate; however, the RNA transcription inhibitors were without effect (our unpublished data).
While this work was in progress, Zheng and coworkers reported that the association of GFP-RCC1 with chromatin in transfected 3T3 cells is highly dynamic, with kinetics of movement similar to those reported here in the GFP-RCC1 tsBN2 cells (Li et al., 2003) . They also found microinjected T24N Ran inhibited GFP-RCC1 movement, and further in vitro experiments using the Xenopus egg extract system led to their conclusion that successful nucleotide exchange dissociates the RCC1-Ran complex, permitting RCC1 and Ran to release from chromatin (see DISCUSSION) (Li et al., 2003) .
We devised an in vitro system to reconstitute the release of RCC1 from chromatin to determine the requirements for this process. GFP-RCC1 tsBN2 grown on coverslips were permeabilized with 0.1% Triton X-100, which permeabilizes both the plasma membrane and the nuclear envelope. GFP-RCC1 stays bound to chromatin after permeabilization (Figure 7A, top row) ; however, it can be removed from the DNA with 0.4 M NaCl ( Figure 7A, bottom row) , consistent with the extraction properties of GFP-RCC1 and RCC1 from chromatin (Figure 1) .
To determine the requirements for GFP-RCC1 release from chromatin, coverslips after permeabilization were incubated with various additions. After rinsing and fixation, the amount of GFP-RCC1 remaining bound to the chromatin was quantitated (see MATERIALS AND METHODS). When the permeabilized cells were incubated for 20 min at RT with only buffer (34% loss), or buffer plus GTP (21% loss) there was a partial release of GFP-RCC1; however, most GFP-RCC1 remained bound to chromatin throughout the incubation ( Figure 7B ). Notably however, when the permeabilized cells were incubated with cytosol plus GTP, the majority of GFP-RCC1 (85%) was released. This cytosolstimulated loss of GFP-RCC1 was at least partially dependent on added nucleotide, because when dialyzed cytosol was added without GTP the loss decreased to 45%.
Endogenous Ran is highly abundant in this Xenopus ovarian cytosol, representing ϳ1% of the total protein in the S-100 giving a concentration of ϳ4.6 M when the cytosol is 11.5 mg/ml (Moore and Blobel, 1993) . To determine whether the active component of cytosol responsible for stimulating release of GFP-RCC1 from chromatin is Ran, purified recombinant wt, Q69L, or T24N Ran were substituted for cytosol plus or minus GTP. Somewhat surprisingly, each of these Rans was unable to stimulate efficient release in the presence of GTP ( Figure 7B ). Furthermore, excess wt, Q69L, or T24N Ran added together with cytosol and GTP inhibited the cytosol-stimulated loss of GFP-RCC1 (asterisks). T24N Ran inhibited most strongly, decreasing the cytosol-stimulated loss from 85 to 18%, with Q69L and wt Ran decreasing the loss to 35 and 42%, respectively. This result is reminiscent of our microinjection results ( Figure 4C ), in which these three microinjected Rans slowed the rate of recovery after photobleaching of GFP-RCC1 with the same order of potency.
That cytosol, but not Ran alone, could stimulate release of GFP-RCC1 indicated that a necessary factor distinct from, or in addition to, Ran was present in the cytosol.
To determine whether a requirement for added Ran could be detected at a lower cytosol concentration, a concentration curve of cytosol plus or minus 1 M Ran (plus GTP) was assayed for its ability to stimulate GFP-RCC1 release; however, the two curves were identical ( Figure 7C ). This result does not rule out the involvement of the cytosolic Ran in cytosol-catalyzed GFP-RCC1 release; if a requisite Ran cofactor is less abundant than Ran in the cytosol, then it is this factor that would be limiting at low protein concentrations rather than Ran.
We analyzed the energy requirements for cytosol-stimulated release of GFP-RCC1 from chromatin (Figure 8 ). Buffer alone stimulated release of 16% of GFP-RCC1 and the inclusion of 1 mM GTP only slightly increased this loss (25% loss). As before, the inclusion of cytosol plus 1 mM GTP stimulated a much greater loss of 83%, and 1 mM ATP worked equally well (84% loss). We have previously observed that nucleoside diphosphate kinase activity remains in permeabilized cells and readily interconverts added ATP and GTP (our unpublished data). Thus, whether it is actually ATP or GTP (or both) that is required for GFP-RCC1 release can't be discerned in this experiment. Neither AMP-PNP nor GMP-PNP (nonhydrolyzable analogs of ATP and GTP, respectively) would stimulate release of GFP-RCC (unlike ATP and GTP), indicating a requirement for nucleotide hydrolysis. The addition of 1 mM GTP plus 1 mM AMP-PNP stimulated release of 85% of the GFP-RCC1; however, only Figure 5 . Agents that disrupt various Ran-dependent export pathways also alter the mobility of GFP-RCC1. GFP-RCC1 tsBN2 cells were pretreated for 5 h (at 40°C) with the indicated agent before photobleaching. (A) Measurement of the t 1/2 required for recovery of fluorescence after photobleaching after the various treatments. Cells were incubated for 5 h at 40°C before FRAP analysis with either LMB (50 ng/ml), low actinomycin D (0.02 g/ml), high actinomycin D (3.2 g/ml), low ␣-amanitin (50 g/ml), or high ␣-amanitin (300 g/ml). (B) The extent of recovery after photobleaching after no treatment (purple diamonds), LMB (red squares), high ␣-amanitin (orange triangles), high actinomycin D (green squares), low actinomycin D (yellow diamonds), and low ␣-amanitin (blue circles). The cells treated with high actinomycin D did not recover to the same level as the others, indicating the likely presence of a second, more immobile population of GFP-RCC1. In Figures 2B and 4B, 1.0 on the y-axis of the recovery graphs represents the final recovery achieved after photobleaching. In Figure 5B 16% was released when 1 mM ATP plus 1 mM GMP-PNP were added. This result indicated that GTP hydrolysis is required for efficient GFP-RCC1 release, but ATP hydrolysis is not. Whether Ran is the GTPase hydrolyzing the GTP remains unresolved, because an excess of the hydrolysisdefective Ran mutant (Q69L) was less effective than an excess of the T24N mutant at preventing release of GFP-RCC1 either in vivo ( Figure 4C ) or in vitro ( Figure 7B ).
The inclusion of 1 mM GDP␤ S, a GDP analog, rather than GTP in the cytosol resulted in a reduced loss of GFP-RCC1 (51% loss) relative to GTP (83% loss). This 51% loss was very similar to the loss achieved upon the inclusion of apyrase in the cytosol to deplete free nucleotides (50% loss) (Figure 8 ), or cytosol with no additions (45% loss) ( Figure 7B ). This result further implicates a GTPase in this process and indicates that the GTPase has to be in the GTP-bound form for efficient RCC1 release from chromatin. Possible explanations for these results are discussed below.
DISCUSSION
The association of RCC1 with chromatin is highly dynamic, both in interphase and mitotic cells (Figure 2-4) (Li et al., 2003) .
That the movement of RCC1 on and off chromatin is modulated by its association with Ran is supported by several lines of evidence. First, microinjection of wt, Q69L, or T24N Ran significantly slowed the nuclear mobility of GFP-RCC1, with T24N exhibiting the strongest effect. The T24N mutation renders Ran deficient in loading with nucleotide, an event that normally terminates the interaction between Ran and RCC1 (Klebe et al., 1995) . Thus, T24N Ran remains bound to RCC1 in a nucleotide-free state. The slower mobility of GFP-RCC1 in the presence of excess Ran could be explained by the chromatin binding ability of Ran. Ran:RCC1 complexes contain two potential chromatin-interacting sites, rather than just the one of RCC1 alone, and therefore the Ran:RCC1 complex would be predicted to have a greater probability than RCC1 alone of being chromatin-bound. Notably, after energy depletion the nuclear Ran did not seem to colocalize with the clumps of RCC1 that occur after this treatment (compare Figures 3 and 6) . GFP-RCC1 mobility may become faster after energy depletion because, for whatever reason, its binding to Ran is reduced.
We also observed significant effects on RCC1 mobility by treatments that disrupt various RanGTP-dependent nuclear transport pathways, including LMB and the RNA transcrip- Figure 6 . Immunofluorescence microscopy showing the effects of these various treatments on the localization of four cellular proteins. GFP-RCC1 tsBN2 cells were either energy depleted with Na azide and 2-deoxyglucose in gluc (Ϫ) media for 30 min at 40°C, or incubated at 40°C for 5 h with either LMB (50 ng/ml), low actinomycin D (0.02 g/ml), high actinomycin D (3.2 g/ ml), low ␣-amanitin (50 g/ml), or high ␣-amanitin (300 g/ml). After treatment, the cells were fixed and processed for indirect immunofluorescence microscopy by using primary antibodies to Ran, the nuclear export carrier Crm1, the mRNA splicing factor SRm160, or the nucleolar protein B23/nucleophosmin followed by a TRITC-or Texas Redlabeled second antibody. Distribution patterns that differ from the pattern in untreated cells are marked with stars.
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tion inhibitors actinomycin D and ␣-amanitin. These treatments, however, significantly increased the mobility of GFP-RCC1, unlike the microinjection of excess Ran, which decreased it. Notably, each of the treatments that increases the mobility of GFP-RCC1 would also be predicted to disrupt formation of nuclear export cargo:export carrier: RanGTP complexes.
This shortage of export cargo could be increasing GFP-RCC1 mobility in the following way. Macara and colleagues have shown that RanBP3 (binding protein 3) can promote binding of Crm1 to RCC1 in the presence of Ran and that binding of RanBP3 to RCC1 increases the catalytic activity of RCC1 toward Ran ϳ10-fold. The stimulatory effects of RanBP3 and histones are additive, meaning that RCC1 bound to histones and RanBP3 is a considerably more efficient GEF toward Ran than free RCC1. Macara and colleagues hypothesized that RanBP3 acts as a scaffold protein to promote the efficient assembly of export complexes at sites of RanGTP production (Lindsay et al., 2001; Nemergut et al., 2002) . They also discussed that release of the Crm1-RanBP3-RanGTP-export cargo complex from RCC1 might possibly require additional cellular factors, because they found the addition of cargo in vitro did not promote disassembly. Even though RanBP3 is likely to increase the rate of nucleotide exchange of RCC1 to generate RanGTP such that an export complex can quickly assemble with cargo, assembly with cargo and release of that assembled complex from RCC1 may slow the release of RCC1 from chromatin. In the absence of cargo, our FRAP results indicate that the mobility of GFP-RCC1 increases, which might be explained by an absence of export complex formation that normally slows the release of GFP-RCC1 from chromatin.
How would the treatments that increased the mobility of GFP-RCC1 affect the production of export cargo? First, LMB disrupts CRM1 binding to a leucine-rich NES-containing export cargo; this cargo includes ribosomal subunits in addition to shuttling proteins (Kudo et al., 1998 (Kudo et al., , 1999 . LMB treatment increased GFP-RCC1 mobility ( Figure 5A ). Treatment with low actinomycin D (to inhibit just RNA pol I), and low ␣-amanitin (to inhibit just RNA pol II) did not significantly affect GFP-RCC1 mobility ( Figure 5A ). Inhibition of RNA pol II and pol III by high ␣-amanitin, however, significantly increased the mobility of GFP-RCC1, as did treatment with high actinomycin D Figure 7 . Efficient GFP-RCC1 release from chromatin in permeabilized GFP-RCC1 tsBN2 cells requires cytosol and energy. (A) After permeabilization with 0.1% Triton X-100 and rinsing in buffer A, cells were either fixed immediately (top row) or incubated with buffer A containing 0.4 M NaCl for 20 min on ice before rinsing and fixation. GFP-RCC1 was localized with an anti-GFP first antibody and TRITC-labeled second antibody (left) and the cells were counterstained with 4,6-diamidino-2-phenylindole to localize the DNA. (B) After permeabilization, cells were incubated for 20 min at RT with the indicated additions before washing, fixation, and indirect immunofluorescence. GTP and Xenopus ovarian cytosol (cyt) were added at 1 mM and 11.5 mg/ml, respectively. wt, Q69L, or T24N Ran was added at 10 M. Detection and quantitation of GFP-RCC1 was as described in MATERIALS AND METHODS. Shown for each condition are the mean and SEM of the nuclear fluorescence of between 30 and 90 nuclei. All values are expressed relative to the 100% (fixed after permeabilization) and the 0% (fixed after stripping with 0.4 M NaCl) controls. Note that the inclusion of 10 M Ran decreased the loss obtained with cytosol alone (asterisks). (C) A concentration curve measuring the release of GFP-RCC1 obtained with increasing amounts of cytosol either in the presence (F) or absence (E) of 1 M Ran. All samples contained 1 mM GTP. to inhibit all three RNA polymerases. Inhibition of mRNA synthesis by RNA pol II may have no effect on GFP-RCC1 mobility because mRNA export is thought not to involve Ran (Clouse et al., 2001) . However, the failure of low actinomycin D (pol I inhibitor) to significantly alter the mobility of GFP-RCC1 is puzzling (Figure 5 ), because newly synthesized ribosomal subunits are probably a major contributor to the total RanGTPdependent export load. Possibly, it is the total mass of Randependent export cargo eliminated that is the critical variable rather than a specific type of cargo. 5S RNA as well as tRNAs are transcribed by RNA pol III, and the 5S RNA associates with the large ribosomal subunit before export of that subunit from the nucleus. To our knowledge, the effects of high ␣-amanitin on the export of large ribosomal subunits is unknown; however, it seems likely that it would block their export. Thus, low actinomycin D should inhibit formation of export complexes containing ribosomal subunits, whereas high actinomycin D should inhibit the formation of these, plus complexes containing tRNAs and mRNAs. Low ␣-amanitin should only inhibit the formation of mRNA export complexes, whereas the higher concentration should inhibit the formation of these, plus complexes containing tRNAs and large ribosomal subunits. Similarly to what has been hypothesized for Crm1 export complexes, other cofactors (similarly to RanBP3) may assemble with RCC1, Ran, other Ran-binding export carriers and cargo to facilitate their assembly at sites of RanGTP production. It is our hypothesis that the observed increases in GFP-RCC1 nuclear mobility resulting from treatment with LMB and RNA transcription inhibitors result from a decrease in export complexes assembling around RCC1, which enables GFP-RCC1 to move more rapidly off chromatin after nucleotide exchange by Ran.
Our in vitro system reconstituting GFP-RCC1 release from chromatin has revealed that this release involves more than just a simple RCC1-catalyzed exchange of guanine nucleotide by Ran (Figures 7 and 8) . In a test tube, any free guanine nucleotide (e.g., GTP, GDP, GMP-PNP, GDP␤S) will be taken up by Ran in the Ran:RCC1 complex and trigger dissociation of the complex (Klebe et al., 1995) ; however neither GDP-␤S nor GMP-PNP would support efficient release in vitro (Figure 8 ). The inability of GMP-PNP to support release indicates a requirement for GTP hydrolysis in this process. A requirement for GTP hydrolysis by Ran would be unexpected due to the lack of RanGAP within the nucleus. Our data are actually more consistent with another GTPase distinct from Ran being involved, because the behaviors of wt Ran and the nonhydrolyzable mutant of Ran (Q69L), did not differ significantly either in vivo or in vitro (Figures 3 and 5 ), unlike the difference between GTP (83% loss) and GMP-PNP (12% loss) on the cytosol-mediated release of GFP-RCC1 in vitro ( Figure 6 ). It is unclear why samples incubated with apyrase to deplete free tri-and diphosphate nucleotides from the system showed as much release as they did (50% loss) compared with samples receiving GMP-PNP (12% loss) (Figure 8 ). Possibly, a certain percentage of GFP-RCC1 is primed for release in such a way that additional nucleotide is unnecessary, although the exact reason for the apyrase result remains unknown. Whether the active cytosolic factors might represent components of nuclear export complexes, or factors (additional GTPases?) required for the final release of the assembled complexes from RCC1 remains to be determined. An interesting possibility is that many RCC1-RanGTP-RanBP3-Crm1-export cargo complexes are already assembled upon cell permeabilization and are awaiting the trigger (the cytosolic factor?) to release. Experiments are in progress to identify the active component(s) of cytosol required to stimulate GFP-RCC1 release from chromatin, and identification of this factor(s) will help to elucidate the mechanisms involved in this process.
